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Abstract 
During milling process of ball end mill, the tool orientation is important to the surface quality of workpiece. In this work, a series of milling 
experiments are done by carbide ball end mill on a workpiece of titanium alloy TC17, using the rotational angle and the inclination angle of 
tool axis to describe the tool orientation and the effect of tool orientation on surface integrity are studied. The results show that the surface 
roughness in both directions (feed direction and step direction) is optimal when the rotational angle is within the scope of 0° to 90° with a 
constant inclination angle. The change of the inclination angle has little effect on the roughness in feed direction, but much larger or smaller 
angle leads to a bigger roughness in step direction. The various tool orientations have an enormous impact on surface morphology. 
Compressive residual stress can be detected on all machined surface during changing the rotational angle and reached the maximum when it is 
90°. The surface residual stress reduces with the increase of the inclination angle. The tool orientation makes little effect on the microhardness 
due to the lower degree of work hardening. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of the “9th International Conference on Digital Enterprise Technology - DET 
2016.  
 Keywords: titanium alloy; ball end mill; tool orientation; surface integrity.
1. Introduction 
Milling is one of the main methods of forming the surface 
of components, and widely used in the processing of complex 
surfaces with the continuous development of digital control 
technology. Ball end mill is extensively used in multi-axis 
finish machining of curved surface due to its better 
adaptability, and the tool orientation has a significant impact 
on the milling process and surface quality. Good surface 
integrity plays an important role in fatigue performance, 
corrosion resistance, stability and reliability of components. 
Nowadays researchers make active study on the surface 
quality introduced by milling process of various tool 
orientations. Toh studied in high speed milling of hardened 
steel and got a large cutting force when using a negative lead 
angle and the minimum surface roughness when a positive 
one[1]. Gani established a geometric model of machining 
process, and discussed the influence of tool orientation on the 
cutting process in five-axis milling, and the results were 
verified experimentally[2]. Chen investigated the multi-axis 
milling theory and revealed the effect of different workpiece 
inclination angle on surface morphology, surface roughness, 
microhardness and residual stress of steel[3]. Daymin got the 
best surface finish when the workpiece inclination angle is 
25° and the mean compressive stress decreased slightly at 
higher workpiece angle[4]. Ko considered cutting force, 
surface roughness and the tool wear synthetically, results 
indicated 15° of the workpiece inclination angle was optimal 
and down milling with downward cutting orientation was the 
best tool path[5]. Aspinwall studied the influence of tool 
orientation and workpiece inclination angle on surface 
integrity, results showed a horizontal downward cutting 
orientation provided better surface roughness, cutting force 
and tool life, and got the largest residual compressive stress 
when the workpiece with no inclination angle[6]. Kalvoda 
indicated that the positive or negative lead angle and tilt angle 
had little effect on the residual stress and provided the best 
surface roughness when both angles were negative but the 
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worst when there is no inclination[7]. LAN Wei-wen 
investigated adjusting the inclination angle between the tool 
axis and surface of workpiece can effectively improve the 
cutting condition, reduce the surface roughness, and improve 
the quality of the workpiece surface[8]. FU Min studied 
adjusting the inclination angle can optimize the cutting 
condition, reduce the surface roughness, and provide best 
surface quality when the angle between the tool axis and 
vertical of workpiece surface is 15°[9]. CHEN Ying studied 
high speed processing of hard aluminum alloy during ball end 
mill, results indicated when the angle between cutting tool 
and the machining surface was 0°, the minimum surface 
roughness value was obtained but produced some scratches on 
the processed surface, and in the meantime surface quality 
reduced with the increase of the inclination angle[10]. Lim 
investigated the effect of four different tool path orientations 
on elastic deformation of blade, surface roughness and surface 
morphology during high speed finish machining blade with 
ball end mill, and proposed the horizontal downward cutting 
orientation can better satisfy the processing requirements in 
multi-axis CNC machining[11]. ZHAO Hou-wei established 
Surface morphology prediction model during ball end milling 
process and simulation analysis of the influence of the 
inclination angle between the tool axis and surface of 
workpiece on the surface morphology, residual height and 
two-dimensional contour was studied, results indicated that 
the optimal angle was 15°[12]. DONG Yong-heng studied the 
influence of ball end mill tool orientation on aluminium alloy 
surface texture and surface roughness, results showed that the 
surface texture machined by a slant tool was regular than a 
vertical one and roughness value is small, while the surface 
roughness was almost the same regardless of the positive or 
negative of the lead angle[13]. 
In summary, scholars focused on multi-axis machining 
with ball end mill from the perspective of theory and 
experiment, obtained numerous research achievements in the 
field of surface integrity under different tool orientations. This 
article aims at milling process of titanium alloy TC17, and 
studies the effect of the rotational angle and the inclination 
angle on surface integrity of workpieces experimentally, so as 
to provide some theoretical base data for tool path orientations 
and improve surface quality during multi-axis machining 
process. 
2. Milling process experiment of titanium alloy TC17 
2.1. Definition of tool orientation 
Ball end mill is widely used in the complex parts 
processing with curved surface. And for the same tool path 
can often choose a variety of tools orientations due to its 
geometrical features. In this paper, adopt two variables: the 
rotational angle and the inclination angle to describe the tool 
orientation for the convenience of description and analysis. 
The lead angle and the tilt angle are often used to describe the 
tool orientation while in the actual numerical control 
programming and post-processing. Fig. 1 describes the 
analytical diagram for tool orientation, and conversion 
relationship between two sets of angles is as follow: 
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Where: βf: the lead angle; βn: the tilt angle; β: the 
inclination angle; θ: the rotational angle. 
 
 
Fig. 1. Tool orientation analytical diagram. 
Different inclination angle can make significant effect on 
the tool contact position and Fig. 2 shows a schematic view. 
Where R represents the tool radius, θ for inclination angle, ap 
expresses depth of cut, and η represents normal angle between 
tool contact boundary and the cutting plane. 
 
 
Fig. 2. Schematic view of the tool contact position. 
The value of η can be calculated by the formula 2-2: 
 cos ( ) /K   par R a R                                                      (2-2) 
Easy to see the point with the highest cutting speed is close 
to the side of the cutting edge on the tool. Employ vmax as the 
linear velocity of the point, through geometrical relationship 
can get the following conclusion: when the material is in the 
left of the position shown in Fig. 2, the tool center doesn’t 
participate in milling process when T K ! q , and the 
minimum cutting speed  max sin T K u lv v (point E); and 
when the material is in the right, if 90T K  q , the side blade 
is not involved in the milling process, and the maximum 
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cutting speed  max sin T K u hv v (point G); the cutting 
speed of the maximum cutting depth max sinT uv v (point F). 
The factor influencing cutting contact position not only has 
the inclination angle but the rotational angle. Here are four 
typical tool orientations as shown in Fig. 3. X, Y, and Z 
shown in Fig. 3 represent step direction, feed direction and the 
Z axis of machine tool respectively. Tool orientations aǃbǃ
c and d represent the inclination of 30°, the rotational angle of 
0°ǃ90°ǃ180° and 270° of ball end mill respectively. Easy to 
see the tilt angle of tool orientation a and c is 0°, and the lead 
angle of b and d is 0°. 
 
 
Fig. 3. Four typical tool orientations. 
2.2. Materials and tools 
Test materials is titanium alloy TC17, the chemical 
composition and the main mechanical and physical properties 
at room temperature are shown in table 1 and table 2 
respectively, the shape of workpiece is rectangle block. The 
experiment adopts K40 carbide ball end mill with a diameter 
of 7mm, cutting tool rake angle is 3 °, the first relief angle is 
10 °, the second relief angle of 25 °, and the spiral angle of 40 
°. 
Table 1. Chemical composition of titanium alloy TC17 (wt/%). 
Al Sn Zr Mo Cr Ti 
4.5 - 5.5 1.6 - 2.4 1.6 - 2.4 3.5 - 4.5 3.5 - 4.5 Bal. 
Table 2. Main mechanical and physical properties of titanium alloy TC17. 
Tensile 
strength 
(MPa) 
Yield 
strength 
(MPa) 
Elastic  
modulus 
(GPa) 
Elongation 
(%) 
Density 
(g/cm3) 
1120 1030 112 10 4.68 
2.3. Experiment plan and test technology 
The purpose of the experiment is to study the effect of 
different tool orientations on surface integrity, employ the 
single factor test in the experiment and change the rotational 
angle and the inclination angle respectively to explore its 
effect on the surface integrity. The first set of experiments 
employ the inclination angle of 30° first, and then change the 
rotational angle according to table 3 in turns. The second set 
of experiments adopt the rotational angle of 30° and 60°, 
respectively, and change the inclination angle in accordance 
with table 4. Wherein the rotational angle calculated from the 
tool orientation a clockwise, the inclination angle is 0° when 
the tool is perpendicular to the workpiece surface and turns 
into positive when the tool is inclined. 
Table 3. Change the rotational angle when fixing the inclination angle. 
Inclination angle 30° 
Rotational angle 0° 30° 60° …… 270° 300° 330° 
Table 4. Change the inclination angle when fixing the rotational angle. 
Rotational angle Inclination angle 
30° 0° 15° 30° 45° 60° 75° 
60° 12° 24° 36° 48° 60° 72° 
 
 
The machine tool used in the experiment is MIKRON UCP 
1350, machine tool power: 24 kW, the spindle speed range: 0 
~ 15000 rpm, cutting condition is dry cutting. The length of 
tool overhang keeps 40 mm, in order to avoid the influence of 
different length on test results. The finish parameters are 
employed during the experiments as follow: spindle speed n = 
5000r / min, feed per tooth fz = 0.06mm / min, depth of cut ap 
= 0.3mm, cutting width as = 0.35mm. 
The surface roughness Ra along the feed direction and the 
step direction of the workpiece is measured using TA620 
surface roughness tester, sampling length is 0.8 mm, assessing 
length is 5.6 mm, and the value obtained by averaging five 
measurements. Surface morphology is measured by Austrian 
Alicona automatic tool measuring instrument. Residual stress 
measurement is taken on the PROTO LXRD MG2000 
residual stress test and analysis system along the feed 
direction and the step directions, respectively. Adopt 430SVD 
Vickers hardness tester to measure hardness and calculate the 
average value by three measurements. 
3. Test results and discussion 
3.1. Surface roughness 
The test result of the first set of experiments is shown in 
Fig. 4. Clearly see the surface roughness in step direction is 
much higher than in feed direction. At the same time it can be 
seen, when the tool between a ~ b and d ~ a orientation, the 
resulting roughness is better or presenting a decreasing trend. 
The main causes of surface roughness changes with the 
rotational angle are as follow: 
The first is the variation of cutting speed caused by the 
change of the rotational angle. When the tool orientation is 
between a and b, contact point at an area with relatively high 
linear velocity (average linear velocity vĬ72.5 m/min), at this 
point the surface roughness of the two directions is also 
relatively small. With the increase of the rotational angle, tool 
orientation is between b and c, linear velocity of the contact 
area is reduced, and the roughness increases in both 
directions. The increase of cutting speed is helpful to improve 
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the temperature of contact area, made the cutting material 
softening, and reduce the friction coefficient. While 
increasing the cutting speed can reduce the generation of 
BUE, scales and plastic deformation therefore reduce the 
surface roughness in some degree. 
The second is the change of milling process caused by the 
change of the rotational angle. Analysis shows the tool is at 
down milling state when tool orientation is between a and b, 
but at up milling state when tool orientation is between c and 
d. The contact effect between the tool and machined surface 
aggravates the degree of cold hardening of the workpiece 
surface during the up milling process, thus reduces the surface 
quality and results in the lager surface roughness. 
 
 
Fig. 4. Relationship between surface roughness and the rotational angle. 
The result of the second set of experiments is shown in Fig. 
5. The result indicates surface roughness along the step 
direction is most sensitive to the change of the inclination 
angle. Tests show that too big and too small inclination angle 
will lead to large surface roughness. This is due to cutting 
contact point close to the tool center if the inclination angle is 
too small with constant rotational angle, resulting in smaller 
cutting speed, serious scraping and squeezing phenomenon 
between the tool and the workpiece. Conversely, it will cause 
the vibration of the process system and the tool deflection 
distortion when the inclination angle is too large, thereby 
producing the large surface roughness. 
 
  
(a) The rotational angle: 30° 
 
 
(b) The rotational angle: 60° 
Fig. 5. Relationship between surface roughness and the inclination angle. 
3.2. Surface morphology 
Partial results of the first set of experiments are shown in 
Fig. 6. Variation of the rotational angle makes a significant 
influence on the surface morphology. The texture direction of 
tool marks is consistent with feed or step direction when lead 
angle or tilt angle is 0°(tool orientation a, b, c and d). In the 
intermediate state of four typical tool orientations, here exists 
a certain angle between cutting direction and both directions 
(feed direction and step direction), therefore forming various 
morphologies at different rotational angle and inclination 
angle. 
 
 
0°(Rax=1.458μm Ray=0.678μm)  60°(Rax=1.230μm Ray=0.766μm) 
 
120°(Rax=2.310μm Ray=1.065μm)  180°(Rax=2.025μm Ray=1.916μm) 
 
270°(Rax=2.940μm Ray=0.893μm)  300°(Rax=2.347μm Ray=1.056μm) 
Fig. 6. Surface morphologies when changing the rotational angle. 
Partial results of the second set of experiments are shown 
in Fig. 7. Tests show too big or too small inclination angle 
will make an adverse effect on surface morphology. Tool axis 
parallels to the normal direction of machining surface when 
the inclination angle is 0°, and the cutting speed in contact 
area is low. The fact mentioned above results in serious 
scraping and squeezing phenomenon, significant plastic 
deformation on the surface and large surface roughness, as 
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shown in Fig. 7(a), and this phenomenon will disappear when 
the inclination angle increased. However, when the inclination 
angle reaches 60° or more, it can be clearly observed that the 
uniformity of the machined surface significantly deteriorated, 
this is due to the increasing cutting force component in 
vertical direction of the tool axis and deflection distortion of 
the cutting tool, thereby affecting the surface quality. As 
shown in Fig. 7(d), the maximum surface roughness is in step 
direction and the value is Ra=2.579μm. 
 
 
(a) β=0°(Rax=1.756μm Ray=0.857μm)  
(b) θ=30°, β=30°(Rax=1.310μm Ray=0.710μm) 
 
(c) θ=60°, β=24°(Rax=0.963μm Ray=1.076μm)  
(d) θ=30°, β=75°(Rax=2.579μm Ray=0.923μm) 
(θ: the rotational angle, β: the inclination angle) 
Fig. 7. Surface morphologies when changing the inclination angle. 
3.3. Residual stress 
The result of the first set of experiments is shown in Fig. 8. 
Results show that compressive residual stress can be detected 
on all machined surface and the variation of the rotational 
angle will change the value of the residual stress but not its 
property. And the residual stress has a similar tendency in 
both directions. Among them, smaller value of the 
compressive residual stress is obtained when the rotational 
angle is 0° and 180° (tool orientation a and c, respectively), 
and the tilt angle of 0° in this case; and bigger value of the 
compressive residual stress is obtained when the rotational 
angle is 90° and 270° (tool orientation b and d, respectively), 
and the lead angle is 0° right now. 
 
 
Fig. 8. Relationship between residual stress and the rotational angle. 
The test result of the second set of experiments is shown in 
Fig. 9, and here exists considerable compressive residual 
stress on the workpiece surface when the inclination angle is 
0° (cutting tool perpendicular to the workpiece surface). The 
value of residual stress decreases rapidly and then levels off 
with increase of the inclination angle. Result indicates that the 
increase of inclination angle will lead to the decrease of the 
residual stress. 
 
(a) The rotational angle: 30° 
 
(b) The rotational angle: 60° 
Fig. 9. Relationship between residual stress and the inclination angle. 
3.4. Microhardness 
Test result of microhardness is shown in Fig. 10 and Fig. 
11. It’s clearly that the change of the tool orientations makes 
little effect on the microhardness, and the value of 
microhardness remains unchanged essentially, and it was 
also obtained by Aspinwall[14]. The result indicates the lower 
degree of work hardening in the whole test process. 
 
 
Fig. 10. Relationship between microhardness and the rotational angle. 
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Fig. 11. Relationship between microhardness and the inclination angle. 
4. The summary 
This article focuses on the titanium alloy TC17 milling 
process, and researches the influence of various tool 
orientations on the surface integrity. Results indicate that the 
tool orientations make a great influence on the surface 
roughness, surface morphology and the residual stress, but a 
little on the microhardness. The optimal surface integrity is 
obtained when the rotational angle is within the scope of 0° 
and 90°, and the inclination angle is within 30° and 60° 
according to the test results. 
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